Abstract-A new trigeneration system which consists of an internal combustion engine, a power and cooling cogeneration system and an absorption heat transformer system is proposed in this work. The exhaust gas is recovered by the power and cooling cogeneration subsystem producing the cooling and power. The jacket water is recovered by the absorption heat transformer subsystem producing low-pressure steam. The exergy performance and the energy saving performance which is evaluated by the primary energy saving ratio of the new distributed energy system are analyzed. The effects of the ratio of the output power and cooling of the power and cooling cogeneration subsystem and the generator outlet temperature of the absorption heat transformer subsystem to the primary energy saving ratio are considered. The contributions of the subsystems to the primary energy saving ratio are quantified. The maximum primary energy saving ratio of the new distributed energy system is 15.8%, which is 3.9 percentage points higher than that of the conventional distributed energy system due to the cascade utilization of the waste heat from the internal combustion engine.
I. INTRODUCTION

D
ISTRIBUTED energy systems can convert 75%-80% of input energy to useful energy due to the trigeneration of power, cooling and heating, so they play an important role in energy conservation and greenhouse gas emission reduction. A number of researchers have analyzed and optimized the distributed combined cooling heating and power systems [1] .
Internal combustion engines, absorption chillers, and waste heat boilers are always used in conventional distributed energy systems. The absorption chillers are driven by the exhaust gas, whose temperature is always higher than 300
• C, of the internal combustion engines. The generator temperature of the absorption chillers is approximately 120
• C. Thus, the large temperature difference can result in large exergy destruction. Usually, the jacket water is cooled by the environment or used to directly supply heat. Due to the small temperature difference between the exhaust gas and the working fluid, a power and cooling cogeneration system is used with the aim of reducing the exergy destruction of the exhaust gas utilization process. References [2] and [3] first proposed a power and cooling cogeneration system whose working fluid was an ammonia-water mixture. The system could utilize heat sources at 100-200
• C. References [4] - [11] investigated power and cooling cogeneration systems using heat sources at 257-450
• C. The exergy efficiencies were about 40%. The system in [10] was composed of a Rankine cycle and an absorption refrigeration cycle with the condensation heat of the Rankine cycle as the heat source. The energy saving ratio of the system was 17.1%.
There is great potential for absorption heat transformers to produce hot water and steam when needed. In [12] , an absorption heat transformer was used in a power plant to produce steam at a temperature of 140
• C. The heat output of the absorption heat transformer is 2.15 MW and the coefficient of performance (COP) is 0.483. The steam extracted from the turbine, whose temperature is 90
• C, served as the heat source. In [13] , with the purpose of recovering the latent heat of the exhaust gas from a furnace in a municipal waste treatment plant, a vertical absorption heat transformer was used to produce low-pressure steam. In [14] - [16] , the heat transformers were used to produce hot water with a COP of about 0.4. In [17] and [18] , the heat transformers were integrated into power generation systems. As a result, the system efficiencies increased by less than 10%.
In the distributed CCHP systems, driven by an internal combustion engine in an industrial park where both cooling and low-pressure steam are needed, power and cooling cogeneration systems and absorption heat transformers can be integrated into the systems. This work established a distributed energy system like this and analyzed the exergy and energy saving performances.
II. DESCRIPTION OF THE PROPOSED NEW SYSTEM
The schematic configuration of the proposed system is shown in Fig. 1 , which consists of an internal combustion engine (ICE) subsystem, a power and cooling cogeneration (PCC) subsystem, and an absorption heat transformer (AHT) subsystem. The exhaust gas of the ICE subsystem is sent to 2096-0042 © 2017 CSEE the waste heat boiler of the PCC subsystem and then discharged into the environment. The schematic configuration of the PCC subsystem is shown in Fig. 2 . The subsystem is composed of a Rankine cycle and an absorption refrigeration cycle. The superheated vapor from the waste heat boiler is sent to a turbine to produce power and then to a rectifier as a heat source. The vapor from the rectifier is condensed in a condenser and driven back to the waste heat boiler. The refrigerant that is generated from the rectifier is condensed in a condenser, cooled in a regenerator and then sent to a valve. The refrigerant from the valve is sent to an evaporator to produce cooling. Then, the refrigerant is heated in the regenerator and sent to an absorber. The weak solution from the rectifier is also sent to the absorber through a solution heat exchanger and a valve. The strong solution from the absorber is pumped into the solution heat exchanger and then to the rectifier. The jacket water of the ICE subsystem is successively sent to the evaporator and generator of the AHT subsystem as a heat source. The schematic configuration of the AHT subsystem is shown in Fig. 3 . The steam from the generator is sent to a condenser and then pumped into the evaporator. The steam that is evaporated from the evaporator is absorbed in an absorber by the strong solution from a solution heat exchanger and releases heat to produce low-pressure steam. The strong solution from the generator is pumped to the solution heat exchanger and heated by the weak solution from the absorber. At last the weak solution from the solution heat exchanger is sent to a valve and then to the generator. A conventional CCHP system driven by an internal combustion engine shown in Fig. 4 is selected as the reference system, which is composed of an internal combustion engine subsystem, an absorption refrigerator (AR) subsystem, and a waste heat boiler (WHB) subsystem. The exhaust gas of the ICE subsystem is sent to the rectifier of the AR subsystem as a heat source and then sent to the WHB subsystem to produce low-pressure steam. The jacket water of the ICE subsystem is cooled by the environment in the cooling tower. 
III. SYSTEM SIMULATION AND EVALUATION
A. Simulation Conditions and System Modeling
The simulation conditions of the new system are shown in Table I . The internal combustion engine is a turbocharged sixcylinder spark ignition engine fueled by natural gas and is simulated using the software GTPower. The working fluids of the PCC subsystem and the AHT subsystem are ammonia-water solution and lithium bromide-water solution, respectively. The Rankine cycle of the PCC subsystem is simulated using the software Aspen Plus and the properties of the working fluid is calculated by the Peng-Robinson equation of state. The absorption refrigeration cycle of the PCC subsystem and the AHT subsystem are simulated using the software Engineering Equation Solver. The correlations in [19] are used to calculate the properties of the lithium bromide-water solution. The mathematical models developed in the Engineering Equation Solver are as follows:
Mass conservation:
Energy conservation:
Phase equilibrium:
where m is the mass flow of the working fluids; X is the concentration of solutions; h is the specific enthalpy of the working fluids; Q and W are the input heat and output work of the components, respectively; T and P are the temperature and pressure of the working fluids; the subscript "in" and "out" denote the inlet port and outlet port of the components of the subsystems, respectively. 
B. Evaluation Criteria
The criteria that were used in this work are the primary energy saving ratio (PESR) and exergy efficiency. The primary energy saving ratio is the ratio of the energy consumption difference (between the distributed energy system and the separate system) and the energy consumption of the separate system given that the output power, cooling, and heating of the distributed energy system are equal to those of the separate system. The schematic diagram for the calculation of the PESR is shown in Fig. 5 . In the separate system, the power, cooling, and heating are provided by a power grid (PG), an electric compression refrigerator (ECR), and a gas boiler (GB), respectively. Considering the general situation, the power and heating supply efficiencies in the separate system are 35.8% and 92%, respectively. The COP of the ECR of the separate system is 4.2. The primary energy saving ratio of the new system is compared with that of the reference system to quantify the benefits obtained.
The primary energy saving ratio is calculated by the following equation:
where R is the primary energy saving ratio; E 0 is the energy consumption of the separate system, of which the output power, heating, and cooling are equal to those of the distributed energy system; and E is the energy consumption of the distributed energy system. E 0 is calculated as follows:
where W , Q r , and Q h are the output power, cooling, and heating of the distributed energy system, respectively; η 0,e is the power supply efficiency of the separate system; η 0,r is the production of the COP of the ECR and power supply efficiency of the separate system; and η 0,h is the heat supply efficiency of the separate system. Substituting (6) into (5) results in:
where W en is the output power of the ICE subsystem; W pc is the output power of the PCC subsystem. To the right side of the equal sign of (7), the first term denotes the contribution to the primary energy saving ratio of the ICE subsystem. The second term denotes the contribution of the PCC subsystem. The third term denotes the contribution of the AHT subsystem. The exergy efficiency of the waste heat utilization process is calculated by the following equation:
where W is the output power of the waste heat utilization process; E ex,r is the output cooling exergy of the waste heat utilization process; E ex,h is the output heating exergy of the waste heat utilization process; and E ex,f is the exergy of the waste heat. 
IV. RESULTS AND DISCUSSION
A. Parametric Analysis and Discussion
1) Effect of the Ratio of the Output Power and Cooling of the PCC Subsystem
It can be seen from (7) that the PESR is closely related to the output power and cooling of the PCC subsystem given that the input energy is constant. So the effect of the ratio of the output power and cooling of the PCC subsystem on the system performance is investigated. The cooling is generated by the absorption refrigeration cycle using the condensation heat of the Rankine cycle, thus the ratio of the output power and cooling is determined by the turbine outlet pressure given that the cooling water temperature is constant. The curve of the PESR versus the ratio of the output power and cooling of the PCC subsystem is shown in Fig. 6 . The PESR is 12.5% when the PCC subsystem produces cooling only due to the low COP of the absorption refrigeration cycle. The PESR increases quickly when the high temperature waste heat is used to produce power. The maximum PESR is 15.8% at a ratio of 0.5. When the ratio is higher than 0.5, the PESR decreases with the increasing ratio in that too much low-temperature heat is released from the condenser to the environment due to the low efficiency of waste heat power generation. The PESR is 15.3% when the PCC subsystem only produces power. The curves of the contributions to the PESR of the subsystems versus the ratio of the output power and cooling of the PCC subsystem are shown in Fig. 7 . There exists a maximum value of the contribution of the PCC subsystem and there are no obvious changes of the contributions of the ICE subsystem and the AHT subsystem due to the constant efficiency and jacket water heat of the ICE subsystem and COP of the AHT subsystem. 
2) Effect of the Generator Outlet Temperature of the AHT Subsystem
The effect of the performance of the AHT subsystem on the system performance is also investigated. The generator outlet temperature can obviously influence the COP of the AHT subsystem and then the PESR of the system. The curves of the COP of the AHT subsystem and the PESR versus the generator outlet temperature of the AHT subsystem are shown in Fig. 8 . The COP of the AHT subsystem increases with the increasing generator outlet temperature. The PESR also increases due to the increasing heat produced by the AHT subsystem. The curves of the contributions to the PESR of the subsystems versus the generator outlet temperature of the AHT subsystem are shown in Fig. 9 . The contribution of the AHT subsystem increases due to the increasing heat produced. There are no obvious changes of the contributions of the ICE subsystem and the PCC subsystem due to the constant efficiency and exhaust gas heat of the ICE subsystem and the ratio of the output power and cooling of the PCC subsystem. 
B. Exergy Analysis
Given that the ratio of the output power and cooling of the PCC subsystem and the generator outlet temperature of the AHT subsystem are 0.5 and 73
• C, respectively, the energy performance values of the new system and the reference system are shown in Table II . The PESR values of the new system and the reference system are 15.8% and 11.9%, respectively. The exergy performance values of the waste heat utilization process for the new system and the reference system are shown in Table III . The exergy efficiencies of the waste heat utilization process for the new system and the reference system are 34.4% and 22.2%, respectively.
The differences between the new system and the reference system shown in Table III can be explained with the help of the T -S diagrams of the exhaust gas utilization process of the two systems shown in Fig. 10 and Fig. 11 , respectively. The temperature of the exhaust gas, whose temperature is 
412
• C, is 292
• C higher than the temperature of the ammoniawater mixture in the rectifier of the AR subsystem of the reference system. And then the exhaust gas from the rectifier, whose temperature is 285
• C, is used to heat the production water from 95
• C to 115
• C in the WHB subsystem. In the new system, the temperature of the exhaust gas is 22
• C higher than the temperature of the ammonia-water vapor at the inlet of the turbine of the PCC subsystem. Thus, the smaller temperature difference in the new system compared with that of the reference system results in a nine-percent reduction of exergy destruction. The temperature of the jacket water of the ICE subsystem is 86
• C and decreased to 78
• C to produce production water in the AHT subsystem of the new system. In the reference system, the jacket water is cooled by the environment. Therefore, the recovery of the jacket water of the new system also results in a 26-percent reduction of exergy destruction. As a result, the exergy loss of the waste heat utilization process of the new system is 13.6% lower than that of the reference system.
C. Primary Energy Saving Ratio Analysis
The contributions to the PESR of the subsystems are shown in Table IV . The ICE subsystem contributes the least to the PESR due to the small efficiency difference between the ICE and power supply of the separate system. In the reference system, the pump power of the AR subsystem is supplied by the ICE subsystem so the output power is reduced and the contribution of the ICE subsystem is negative. There is much power produced using the exhaust gas in the new system, so the contribution of the PCC subsystem is much higher than that of the AR subsystem in the reference system. The AHT subsystem of the new system using the jacket water to produce low-pressure steam contributes 7.4 percentage points to the PESR while the jacket water of the reference system is cooled by the environment. V. CONCLUSION A new distributed energy system utilizing a PCC system and AHT system driven by ICE is proposed. The exergy and energy saving performance of the new system is analyzed and the contributions of the subsystems are investigated.
1) The maximum PESR occurs when the ratio of the output power and cooling of the PCC subsystem increases. Power and cooling cogeneration is better than the individual production of power or cooling using the exhaust gas. The PESR can be increased by improving the performance of the AHT subsystem.
2) The exergy efficiency of the waste heat utilization process of the new system is 34.4%, which is 12.2 points higher than that of the reference system. The integration of the PCC subsystem and the recovery of jacket water using the AHT subsystem can improve the exergy efficiency of the system driven by internal combustion engines.
3) The PESR of the new system is 15.8%, which is 3.9
percentage points higher than that of the reference system. The ICE subsystem contributes the least to the PESR. The contribution of the PCC subsystem can be significantly higher than the contribution of producing cooling individually using exhaust gas. The AHT subsystem contributes 7.4 percentage points to the PESR which indicates that there is a lot of potential for the recovery of jacket water to produce low-pressure steam.
